We developed a structure of a mechanical-strength-enhanced low-temperature co-fired ceramic (LTCC) substrate using two LTCC materials with different thermal expansion coefficients (TECs). In this structure, the top and bottom surface layers are made of a material with a lower TEC and the internal layers are made of another material with a higher TEC. Because compressive stress was thought to be exerted in the surface layer due to the differences in the TECs between two materials, it was expected that the compressive stress would reinforce the surface. We found that the bending strength of the substrate was more than 400 MPa and considerably higher than that of each material. The results of stress analysis using the finite element method indicate that the fracture stress of the internal layer considerably exceeded the mechanical strength of the material comprising the internal layer. This is thought to be the cause of mechanical strength enhancement. Therefore, this proposed structure is promising for thinner multilayer substrates.
Introduction
Low-temperature co-fired ceramics (LTCCs) are promising materials for electronic components. A mixture of ceramic and glass is used as the raw materials of LTCCs. Even at temperatures below 1000°C, glass begins to soften, flows, wets the surfaces of ceramic particles, and finally densifies the mixture. Therefore, highly conductive metals, such as Ag and Cu, can be used as internal electrode materials of LTCC components. 1)5) Since the relative density of densified LTCCs easily reaches above 95%, the electric circuits in LTCC substrates are not damaged by humidity in the atmosphere. Therefore, LTCC components are widely used in the telecommunication and automobile industries due to their high performance and reliability. 6)10) Typical LTCC components have multi-layered structures. 11) Electric circuit patterns and via holes are printed on surfaces and filled in through holes of green sheets with Cu or Ag paste, respectively. They are then stacked, pressed, and fired below 1000°C. The sintered substrate contains electrodes and via holes, which function as passive devices such as capacitors, inductors, and strip lines. This technique enables substrates to be downsized by containing passive functions in the substrates. 12 ) 19) Recently, low-profile substrates have become more important due to the demand for the miniaturization of electronic components. However, LTCC substrates are becoming thin, so they easily break during the manufacturing process or actual usage. Therefore, it is necessary to enhance their mechanical strength.
We developed a multi-layered structure of an LTCC substrate, as shown in Fig. 1 , for enhancing the mechanical strength of such substrates. The results, discussed later, indicate that this structure is suitable for this purpose. The top and bottom surface layers are made of material A and internal layers are made of material B, the thermal expansion coefficient (TEC) of which is larger than that of material A. This structure has two restrictions. One is connection between materials A and B, and the other is controlling mutual diffusion between the two materials. Similar composition materials are selected to control these restrictions. We give details of materials A and B in the following section.
It has been quite difficult to co-fire different LTCC materials to fabricate our structure. 20) 25) Defects such as warp, distortion, or delamination, easily appear during the firing process using the conventional sintering method, shown on the right figure in Fig. 2 , due to the difference in shrinking behavior between materials A and B. Therefore, we applied the constrained sintering method (also called the zero-shrinkage sintering method) shown on the left figure in Fig. 2. 26)33) With this method constraining Fig. 2 , due to the attached constraining sheets. On the other hand, the stack shrinks in the Z direction and densifies. Because its shrinkage in the X and Y directions is restricted to less than 0.1%, the difference in shrinking behavior between materials A and B does not cause many defects, and its shrinkage dispersion is quite small. Therefore, this method also has another advantage in that the substrate has higher precision of size in the X and Y directions than the conventional method.
In the latter half of the firing process softened glass is cooled and hardened at the glass-transition temperature (T g ), and the surface and internal layers tightly connect, as shown in Fig. 3 . At room temperature, the surface and internal layers have mutual stresses due to the differences in the TECs between materials A and B. Compressive stress is exerted in the surface layer. It is known that fractures are mainly caused at the surface and propagate inside due to the tensile stress in conventional LTCC structures. The most typical case is a bending test in which the largest tensile stress exerted at the surface of the extended side of the structure causes fractures, as shown Fig. 4 . Therefore, it is expected that compressive stresses exerted at the surface of the proposed structure will effectively suppress the above-mentioned tensile stresses and fractures. However, tensile stress is exerted in the internal layers of the proposed structure due to the differences in the TECs between materials A and B. Regarding the bending test for the proposed structure, the largest tensile stress is thought to be exerted at point P or Q, as shown Fig. 5 . If compressive stress, which is exerted in the surface layer, is sufficiently large, tensile stress, which is exerted at point Q, is thought to be largest. To clarify the cause of bending-strength enhancements, we estimated the stress distributions of the proposed structure at the fracture point using the finite element method (FEM).
Experimental procedure
Borosilicate glass powder was prepared as raw materials for materials A and B through the following procedure. We mixed SiO 2 (99.9% purity), B 2 O 3 (99.9%), Al 2 O 3 (99.9%) from Kojundo Chemical Laboratory, and CaCO 3 (99.5%) from Nakalai Tesque through ball-milling with ethanol and 5-mm-º partially stabilized zirconium oxide (PSZ) balls, evaporated the ethanol at 40°C, and removed the PSZ-balls from the mixture. The remaining powder was melted in a Pt-Rh crucible at 1500°C and quenched with water. The obtained glass cullets were crushed into particles of 1¯m or less through ball-milling. We mixed Al 2 O 3 (99.9% purity) powder from Sumitomo-Chemical with an average particle size of 1¯m, the obtained glass powder, ethanol, toluene, polyvinyl butyral resin, plasticizer, and dispersant through ball-milling. We casted green sheets with poly ethylene terephthalate film from the obtained slurries through a conventional procedure using the doctor blade method, with the blade gap adjusted to make the thickness of green sheets be 50¯m after being dried at 40°C. Twenty sheets were stacked, laminated, and fired at 900°C in air atmosphere. The TEC of the sintered LTCC body was measured using a dilatometer. Various glass compositions and LTCC compositions were used and two types of LTCC materials with TECs of 5.7 and 7.8 ppm/°C were selected. The former was used as material A and the latter was used as material B. The T g of the glass powders of materials A and B were found to be 695 and 700°C, respectively, using a differential thermal analysis method. The sintered samples of materials A and B were crushed in a mortar and analyzed by X-ray diffractometry (XRD).
Constraining sheets were prepared through the following procedure. With Al 2 O 3 powder, which was the same powder used for the green sheets of materials A and B, we prepared a slurry and casted green sheets. The thickness of the constraining sheets was 100¯m. The green sheets of materials A and B were stacked, as shown in Fig. 1 , and the constraining sheets were stacked as shown in Fig. 2 , laminated, cut into 4 © 30 mm sections, and fired at 900°C in air atmosphere. After firing, the constraining sheets were eliminated by blasting in which mixtures of abrasive and water are blown at high speed. Seven samples were prepared in this procedure and estimated using a bending test. The total thickness of all samples was 500¯m. The surface-layer thicknesses of these samples were 0, 13, 25, 50, 100, 150, and 250 m. The thicknesses of 0 and 250¯m correspond to the samples made of only material B and material A, respectively. These samples were visually checked to ensure that there were no defects such as warp or distortion. Cross sections of these samples were exposed by polishing, observed by scanning electron microscopy (SEM) to ensure that there were no defects such as delamination, and analyzed by wave length-dispersive X-ray spectroscopy (WDX) to determine the mutual diffusion between materials A and B. Three-point bending tests were conducted with the distance between two fulcrums being 25 mm to estimate the bending strength of these samples. Bending strength (·) was calculated using the following formula 
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where F is load at fracture point; L is distance between fulcrums; b is width, and d is thickness:
Young's modulus was evaluated from the load and strain data during bending tests. Stress distributions in these samples at the fracture point were estimated using FEMTET μ , which is the commercial FEM software of Murata Mfg. Co., Ltd. In the FEM simulations all the parameters mentioned below were accurately set to ensure the reproducibility of the stress distributions during the bending tests. The simulation-model was 30 mm long, 4 mm wide, and 0.5 mm thick. The model was divided into 298,000 meshes, which were 0.01 mm in size. The temperature at which there was no stress in the model was 695°C, and the room temperature was 25°C. The distance between the fulcrums was 25 mm. The Young's modulus of materials A and B was 121 and 148 GPa, respectively, and their TECs of materials A and B were 5.7 and 7.8 ppm/°C, respectively. The observed load values during the bending tests were used as those at the fracture point. Figure 6 shows XRD charts of the powders of materials A and B, which were obtained by crushing the sintered samples. The main peaks are attributed to corundum, which is a crystal made of Al 2 O 3 , and the small peaks are attributed to two crystals; anorthite (CaAl 2 Si 2 O 8 ) and wollastonite (CaSiO 3 ). Both crystals are thought to be generated by the crystallization of glass during the firing process. The amount of anorthite in material A is larger than that in material B and the amount of wollastonite in material B is larger than that in material A. Table 1 lists the mechanical properties of materials A and B. The average TECs of materials A and B from 25 to 700°C were 5.7 and 7.8 ppm/°C, as mentioned above. The bending strength of material A was 254 MPa and that of material B was 302 MPa. The Young's modulus of materials A and B was 121 and 148 GPa, as also mentioned above. Figure 7 shows a cross sectional SEM image of a sample of the proposed structure when the thickness of the surface layer was 13¯m. Whitish particles of about 1¯m are thought to be Al 2 O 3 and the gray matrix is thought to be glass. Since the surface and internal layers connect to each other integrally, the boundary between materials A and B could not be identified. There were a few pores that were smaller than 1¯m, and no defects, such as cracks, delamination, or distortion, appeared. Figure 8 shows an SEM image and elements distributions measured by WDX around the boundary between materials A and B when the thickness of the surface layer was 50¯m. The detected elements were Si, Ca, and Al. Though the samples also included B, B could not be detected with this method. Although the boundary between the materials A and B was not clear in the SEM image, it was demarcated by the element mapping image, which showed that the element concentration at the boundary was discontinuous and there was no concentration gradient on both sides of the boundary. Therefore, we verified that there were no defects in the prepared samples and materials A and B did not react or diffuse into each other. Three-point bending tests were conducted on the prepared samples. Figure 9 shows bending strength as a function of surface-layer thickness. When the thicknesses were 0 and 250¯m, samples were made of only material B and only material A, respectively. We found that the thinner the thickness of the surface layer was, the higher the bending strength. When the thickness was less than 100¯m, the strength was more than 400 MPa. Compared with the mechanical strength of only material A (254 MPa) or only material B (302 MPa), that of the proposed structure was considerably enhanced. The enhancement reached about 100 MPa. To determine the cause of this strength enhancement, we estimated the stress distributions of the proposed structure at the fracture point by using the FEM. Figure 10 (a) shows a depth profile of stress distribution without loading. Positive values mean tensile stress and negative Journal of the Ceramic Society of Japan 125 [7] 569-573 2017
Results and discussion
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values mean compressive stress. If the tensile stress is sufficiently large, a fracture appears. The stress of the surface layer was negative and that of the internal layer was positive for the proposed structure, as shown in this figure. For a conventional structure made of only material A or material B, stress was zero everywhere. Figure 10 (b) shows a depth profile of stress distribution with loading (10N). This depth profile corresponds to that in Fig. 5 . In Fig. 5 , point O is the loading point and point P, which belongs to the surface layer, and point Q, which belongs to the internal layer, are directly under point O. These depth profiles of stress distribution were estimated using FEM. The surface-layer thickness of the proposed structure was 50¯m. In Fig. 10(b) , the applied load was 10 N and the depths from the surface of 0 and 500¯m correspond to points O and P in Fig. 5 , respectively. We found that in this profile the more distant from the loading point the location is, the higher the stress. Therefore, in the proposed structure, the stress at point P is highest in the surface layer, and that at point Q is highest in the internal layers. In the extended side, the stress at point P and Q are lower and higher than those of the conventional structure, respectively. Therefore, we assumed that a fracture may appear at point P or Q. To investigate whether a fracture would appear at point P or Q, stresses at these points were estimated using the FEM. Figure 11 shows the stress at points P and Q as a function of the surface-layer thickness when fracturing. We found that the thinner the surface layer is, the lower the stress at point P and higher the stress at point Q.
When the thickness of the surface layer was 13, 25, and 50¯m, a fracture appeared at point Q because the stress at point P was lower than the mechanical strength of material A, and the stress at point Q was higher than the mechanical strength of material B. Considering the stress distribution in the depth direction, as shown in Fig. 10(b) , the fracture that appeared at point Q propagated to the internal layer because the stress of the internal layer was much higher than that of the surface layer around point Q. Though the internal layer made of material B fractured, the stress that caused a fracture at point Q was about 400 MPa and considerably higher than the mechanical strength of material B (302 MPa), as shown in Fig. 11 . Therefore, in the proposed structure, the fracture stress of the internal layer considerably exceeded the mechanical strength of the material comprising the internal layer. Therefore, this is thought as the cause of mechanical strength enhancement. The mechanism of how this is caused in the proposed structure remains to be clarified.
Conclusions
We proposed a structure that enhances the mechanical strength of LTCC substrates. In this structure, the top and bottom surface layers are made of material A with a lower TEC and the internal layers are made of material B with a higher TEC. For co-firing different LTCC materials, a combination of similar compositions was selected for materials A and B, and the constrained sintering method was applied. The experimental results indicate that there were no defects in the prepared samples, and material A and B did not react or diffuse into each other. Compared with the mechanical strength of the conventional structure containing only material A or material B, that of the proposed structure consid- Fig. 9 . Strength dependence on surface-layer thickness. Fig. 10(a) . Stress distribution without loading. Fig. 10(b) . Stress distribution with loading. Fig. 11 . Dependence of stress at points P and Q on surface-layer thickness when fracturing.
erably enhanced. The results of FEM analysis suggests that the fracture stress of the internal layer considerably exceeded the mechanical strength of the material comprising the internal layer. Therefore this is thought to be the cause of the mechanicalstrength enhancement. The proposed structure is promising for thinner multilayer substrates, and the mechanism of how this is caused in the proposed structure remains to be clarified. Therefore, we will conduct investigations regarding this in the future.
